INTRODUCTION
============

Deep-sea sediments, which are the largest ecosystems on Earth, covering ca. 65% of the surface of the globe and ca. 95% of the ocean sea floor, control global biogeochemical cycles ([@R1], [@R2]). Life in the deep-sea sediments is largely constrained by the limited and episodic food supply from the water column, possibly supplemented by benthic chemoautotrophic production ([@R1], [@R3]). Here, total benthic biomass is dominated by prokaryotes (up to more than 90%), and bacteria and archaea play a pivotal role in C production (either heterotrophic or chemoautotrophic), nutrient cycling, and energy transfer to the higher trophic levels ([@R1], [@R4]). Deep-sea prokaryotes are concentrated in surface sediments, where their abundance per unit of volume can be 10^3^ to 10^6^ times higher than in the dark portion of the water column and in the subsea-floor biosphere ([@R5], [@R6]). Using a modeling approach, the global prokaryotic biomass (reported as "bacteria") on the sea floor has been estimated in the order of ca. 35 Mt C ([@R7]).

Although regional-scale studies reported the presence of significant depth-related patterns of benthic prokaryotic abundance and biomass ([@R8], [@R9]), meta-analyses conducted at global scale suggest that their abundance and biomass remain rather constant with increasing water depth ([@R7], [@R10], [@R11]). Because food supply to deep-sea benthos changes with depth, latitude, biogeographic region, and related productivity, the lack of depth-related patterns at global scale suggests that prokaryotes are dependent not only on the quality and quantity (or dilution) of organic matter available in the deep sea ([@R12]--[@R18]) but also on other factors acting at different spatial scales. In particular, high deep-sea biomasses have been reported in highly productive oceanic regions (for example, the North Atlantic and upwelling and polar regions), whereas the oligotrophic conditions support biomass values of one to two orders of magnitude lower (for example, Central Pacific and the deep Mediterranean Sea) ([@R7], [@R19]). Recent studies based on the metabolic theory provided evidence that the relative influence of chemical and thermal energy on deep-sea organisms varies considerably across levels of biological organization and that thermal energy has a major effect at lower levels of biological organization ([@R20]). Moreover, benthic deep-sea prokaryotes can be controlled by viral infections able to abate \>80% of biomass production ([@R11]). We also know that archaeal abundance increases beneath 1000-m depth and can equal bacterial abundance in the deeper portion of the water column and in subsurface deep-sea sediments. However, the factors explaining such shifts in the relative importance of archaea and bacteria are still largely unknown ([@R5], [@R6], [@R21]--[@R23]). Overall, our knowledge of the patterns and drivers controlling the distributions of bacteria and archaea in deep-sea sediments is completely insufficient to fully comprehend their ecology and response to multiple stressors, including the effects of global change predicted for the coming decades.

Here, we investigated the macroecology of bacteria and archaea in surface deep-sea sediments by means of an intensive and highly replicated macroscale sampling strategy. Two hundred twenty-eight samples were collected from 58 benthic deep-sea sites, spanning from 34°N to 79°N ([Fig. 1](#F1){ref-type="fig"}) and encompassing different physical-chemical and trophic characteristics (for example, from the Arctic to the North Atlantic to the Mediterranean basin, with temperature deltas \>10°C at the same depths), and at depths ranging from ca. 400 to 5570 m.

![Sampling areas and locations of the sampling stations.](1500961-F1){#F1}

The present study was designed to provide new insights into the following: (i) the factors driving the distribution of benthic bacteria and archaea and, within the domain Archaea, of Marine Group I (MG-I) Thaumarchaeota and MG-II Euryarchaeota, which represent the dominant archaeal groups in surface deep-sea sediments ([@R24], [@R25]), and (ii) the different sensitivity of bacteria and archaea to changing trophic and thermohaline conditions to forecast their potential responses to global changes.

Our results point out the increasing importance of benthic archaea at high latitudes. Our findings also reveal that bacteria and archaea respond with different sensitivity to temperature shifts and changes in food supply, showing a higher sensitivity of archaea, and particularly of the MG-I Thaumarchaeota, to changes in thermal energy. Our results suggest that global climate change will have important consequences on the structure and distribution of deep-sea prokaryotic assemblages, with profound implications on global biogeochemical cycles.

RESULTS
=======

Environmental setting
---------------------

Bottom water temperature across the different sampling regions investigated ranged from −0.90° to 14.17°C (varying from −0.90° to −0.51°C in the Arctic Ocean, from 2.0° to 12.05°C in the Atlantic Ocean, and from 13.02° to 14.17°C in the Mediterranean Sea; table S1). Salinity at the water-sediment interface ranged from 34.82 to 34.92 in the Arctic Ocean, from 34.09 to 36.29 in the Atlantic Ocean, and from 38.44 to 38.85 in the Mediterranean Sea (table S1).

Trophic characteristics of the sediments were investigated in terms of total phytopigment content, biopolymeric C concentrations (as the sum of C equivalents of proteins, carbohydrates, and lipid content of the sediments), and organic C fluxes to the sea floor. These variables represent excellent proxies of the food supply and availability of organic substrates for heterotrophic metabolism in the deep sea ([@R18], [@R26], [@R27]). Total phytopigment concentrations ranged, on average, from 12.8 ± 2.9 to 16.8 ± 2.8 μg g^−1^ in the Arctic and Atlantic oceans, respectively (table S1). Biopolymeric C concentrations were higher in the Arctic Ocean (3.6 ± 0.6 mg C g^−1^) than in the Atlantic Ocean and Mediterranean Sea (1.7 ± 0.2 and 1.6 ± 0.2 mg C g^−1^, respectively). Organic C fluxes to the deep-sea floor were two- to threefold higher in the Arctic and Atlantic oceans (on average, 21.5 ± 5.6 and 26.9 ± 4.4 mg C m^−2^ day^−1^, respectively) than in the Mediterranean Sea (9.9 ± 2.2 mg C m^−2^ day^−1^; table S1).

Abundances of total prokaryotes, bacteria, and archaea
------------------------------------------------------

Total prokaryotic abundances were high at all depths, from the shelf break down to abyssal sediments (fig. S1), and did not show significant bathymetric patterns. On average, the highest total prokaryotic abundance was observed in the sediments of the Arctic Ocean (9.92 ± 1.16 × 10^8^ cells g^−1^), followed by sediments of the Atlantic Ocean and Mediterranean Sea (both 4.8 × 10^8^ cells g^−1^; fig. S1). The sum of archaea and bacteria determined by catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) analyses accounted for ca. 75% of total prokaryotic abundances determined by SYBR Green I. Such a discrepancy can be due to the lack of probe specificity toward all bacterial and archaeal taxa inhabiting benthic deep-sea ecosystems (table S2). Data from CARD-FISH were compared for their consistency with results of the quantitative polymerase chain reaction (qPCR) on either bacteria or archaea (fig. S2). Bacteria dominated over archaea in almost all of the investigated sites.

Consistent with results obtained for total prokaryotic abundance, the abundances of bacteria, archaea, MG-I Thaumarchaeota, and MG-II Euryarchaeota did not show significant bathymetric patterns for all of the oceanic regions investigated ([Fig. 2](#F2){ref-type="fig"}, A to D). Significant differences in all microbial components were found among the different oceanic regions, but not among areas within the same oceanic region (that is, between the two areas of the Atlantic Ocean or among the three areas of the Mediterranean Sea; table S3). In particular, bacterial abundances were significantly higher in Arctic sediments (on average, 5.17 ± 0.83 × 10^8^ cells g^−1^) than in the Atlantic and Mediterranean sediments (on average, 2.69 ± 0.23 × 10^8^ and 2.61 ± 0.25 × 10^8^ cells g^−1^, respectively; [Fig. 2A](#F2){ref-type="fig"}). The abundances of archaea in the Arctic sediments (2.91 ± 0.52 × 10^8^ cells g^−1^) were fivefold higher than in the Atlantic and Mediterranean sediments (on average, 0.53 ± 0.01 × 10^8^ and 0.57 ± 0.12 × 10^8^ cells g^−1^; [Fig. 2B](#F2){ref-type="fig"}). Archaea accounted, on average, for ca. 11 to 13% of the total prokaryotic abundance in Atlantic and Mediterranean sediments and ca. 31% in Arctic sediments.

![Bathymetric patterns of the different microbial components in surface deep-sea sediments.\
(**A** to **D**) Depth-related patterns of the abundances of bacteria (A), archaea (B), MG-I Thaumarchaeota (C), and MG-II Euryarchaeota (D) in the top 1 cm of sediments collected in the different oceanic regions. Means and SDs (*n* = 3) are reported.](1500961-F2){#F2}

Within the domain Archaea, the abundance of MG-I Thaumarchaeota in the sediments of the Arctic Ocean (1.72 ± 0.33 × 10^8^ cells g^−1^) was significantly higher than in the Atlantic Ocean or in the Mediterranean Sea (0.33 ± 0.08 and 0.26 ± 0.05 × 10^8^ cells g^−1^, respectively; [Fig. 2C](#F2){ref-type="fig"} and table S3). Similarly, the abundance of MG-II Euryarchaeota was significantly higher in the Arctic Ocean (0.63 ± 0.12 × 10^8^ cells g^−1^) than in the Atlantic Ocean and Mediterranean Sea (0.17 ± 0.03 × 10^8^ and 0.22 ± 0.07 × 10^8^ cells g^−1^, respectively; [Fig. 2D](#F2){ref-type="fig"} and table S3). On average, Thaumarchaeota accounted for ca. 53% of the total archaeal abundance, whereas Euryarchaeota accounted for ca. 29%. The highest contribution of Euryarchaeota was observed in the sediments of the Atlantic Ocean and Mediterranean Sea (on average, ca. 30%), followed by benthic deep-sea ecosystems of the Arctic Ocean (25%).

Considering the whole data set, bacterial and archaeal abundances in the top 1 cm of the sediments investigated were significantly correlated (Pearson correlation, *n* = 174, *r* = 0.356, *P* \< 0.01); they were positively related with trophic conditions (as biopolymeric C concentrations in the sediment; [Fig. 3A](#F3){ref-type="fig"}) and inversely related with bottom water temperature ([Fig. 3B](#F3){ref-type="fig"}).

![Benthic bacterial and archaeal abundances in relation to food availability and bottom water temperature.\
(**A** and **B**) Relationships between benthic bacterial and archaeal abundances and food availability (expressed as biopolymeric C concentrations in the top 1 cm of sediments) (A) and between benthic bacterial and archaeal abundances and bottom water temperature (B). (A) The color-coded fitted curves show the correlations for bacterial abundances (*Y* = 8 × 10^7^ *X* + 2 × 10^8^; *n* = 54; *R*^2^ = 0.360; *P* \< 0.01) and archaeal abundances (*Y* = 6 × 10^7^ *X* − 2 × 10^7^; *n* = 54; *R*^2^ = 0.432; *P* \< 0.01) versus food availability. (B) The color-coded fitted curves show the correlations for bacterial abundances (*Y* = −1 × 10^7^ *X* + 4 × 10^9^; *n* = 53; *R*^2^ = 0.151; *P* \< 0.05) and archaeal abundances (*Y* = −9 × 10^6^ *X* + 3 × 10^9^; *n* = 53; *R*^2^ = 0.194; *P* \< 0.05) versus bottom water temperature.](1500961-F3){#F3}

The abundances of bacteria, archaea, MG-I Thaumarchaeota, and MG-II Euryarchaeota in the sediments significantly increased from middle to high latitudes, considering either the whole data set or data selected at similar depths (that is, considering only sites at ca. 1000- or 2000-m depth; [Fig. 4](#F4){ref-type="fig"}, A and B).

![Changes of the different benthic microbial components in relation to latitude.\
(**A** and **B**) Latitudinal patterns of bacterial and archaeal abundances (A) and MG-I Thaumarchaeota and MG-II Euryarchaeota abundances (B) in the top 1 cm of sediments collected in the different oceanic regions at similar depths. The color-coded fitted curves show the correlations for bacteria (*Y* = 8.42 × 10^6^ *X* − 8.1 × 10^7^; *n* = 45; *R*^2^ = 0.679; *P* \< 0.01), archaea (*Y* = 6.56 × 10^6^ *X* − 2.2 × 10^8^; *n* = 45; *R*^2^ = 0.679; *P* \< 0.01), MG-I Thaumarchaeota (*Y* = 3.54 × 10^6^ *X* − 1.2 × 10^8^; *n* = 45; *R*^2^ = 0.747; *P* \< 0.01), and MG-II Euryarchaeota (*Y* = 1.26 × 10^6^ *X* − 3.5 × 10^7^; *n* = 45; *R*^2^ = 0.629; *P* \< 0.01).](1500961-F4){#F4}

The abundances of all investigated microbial components significantly decreased with increasing depth along the vertical profile of the sediment \[analysis of variance (ANOVA), *P* \< 0.01; [Fig. 5](#F5){ref-type="fig"}, A to D\]. However, bacterial abundance decreased to a larger extent than archaeal abundance with increasing depth in the sediment, as also revealed by the increase of the archaeal-to-bacterial abundance ratio (on average, from 0.3 in the 0- to 1-cm sediment layer to 0.5 in the 10- to 15-cm layer). The MG-I Thaumarchaeota to MG-II Euryarchaeota abundance ratio decreased with increasing depth in the sediment (on average, from 1.8 to 1.2 at 0- to 1-cm and 10- to 15-cm depth, respectively).

![Distribution of the different microbial components along the vertical profiles of the sediments.\
(**A** to **D**) Abundances of bacteria (A), archaea (B), MG-I Thaumarchaeota (C), and MG-II Euryarchaeota (D) along the vertical profiles of sediments (down to 15-cm depth) collected in the different oceanic regions. Means and SDs (*n* = 3) are reported.](1500961-F5){#F5}

Effects of the environmental variables on microbial components
--------------------------------------------------------------

The results of the regression tree analysis highlighted that bacterial distribution in all oceanic regions was primarily controlled by the availability of trophic resources, which overall explained 30% of the variance ([Fig. 6](#F6){ref-type="fig"}). Bacterial distribution, especially at high latitudes, was also dependent on temperature (explaining 7% of the variance), whereas the food quality (as protein-to-carbohydrate ratio) explained 7% of the variance of the bacterial abundance in the Atlantic sediments. The output of the regression tree analysis provided evidence that archaeal abundances were dependent on bottom water temperatures (explaining 28% of the variance; [Fig. 7](#F7){ref-type="fig"}), especially in the sediments of the polar region. In the middle-latitude ecosystems, benthic archaeal abundances were also controlled by the quantity and quality of trophic resources (explaining 17 and 11% of the variance, respectively). In all oceanic regions investigated, bottom water temperature was the only factor driving the distribution of MG-I Thaumarchaeota (29% of the variance; fig. S3), whereas food quantity and quality controlled the distribution of MG-II Euryarchaeota (explaining together 41% of the variance; fig. S4).

![Output of the regression tree analysis carried out to identify environmental factors explaining the distribution of bacterial abundances in the top 1 cm of sediments collected in the different oceanic regions.\
The significance level and the percentage of the explained variance of each predictor variable are reported along with the number of sampling sites for each oceanic region at the terminal nodes. OC flux, organic C that reaches the sea floor through particle sinking (expressed as mg C m^−2^ day^−1^); BPC, biopolymeric C concentrations in the sediment (expressed as mg C g^−1^); PRT/CHO, protein-to-carbohydrate ratio in the sediment (adimensional).](1500961-F6){#F6}

![Output of the regression tree analysis carried out to identify environmental factors explaining the distribution of archaeal abundances in the top 1 cm of sediments collected in the different oceanic regions.\
The significance level and the percentage of the explained variance of each predictor variable are reported along with the number of sampling sites for each oceanic region at the terminal nodes. OC flux, organic C that reaches the sea floor through particle sinking (expressed as mg C m^−2^ day^−1^); PRT/CHO, protein-to-carbohydrate ratio in the sediment (adimensional).](1500961-F7){#F7}

DISCUSSION
==========

The presence of archaea in deep-sea sediments was documented for the first time more than 15 years ago ([@R28]), and all available studies conducted to date on surface marine sediments (almost exclusively at shallow depths) reported that archaea provide an almost negligible contribution to total prokaryotic abundance (from \<1 to 6%) ([@R29]--[@R32]). Only recently, the quantitative importance of archaea has been reevaluated in subsurface sediments (down to \>300 m below the sediment surface) ([@R5], [@R19], [@R33]--[@R36]), but no attempts have been made yet to analyze these benthic components in a macroecological perspective.

Results presented here provide evidence that the relative importance of archaea in surface deep-sea sediments of different biogeographic regions is significantly higher (range, 11 to 31%) than the one reported from all continental shelf ecosystems investigated to date ([@R29]--[@R32]). Because we used protocols here that were largely used previously, such differences cannot be due to methodological biases. We are aware that the reliability of CARD-FISH analysis to quantify the abundances of bacteria and archaea in benthic ecosystems depends on an array of factors, including the following: (i) the procedure used for the dislodgement of the cells from the sediment, (ii) the methodology used to permeabilize the cell wall, (iii) the selection of specific probes, and (iv) the hybridization conditions ([@R22], [@R23], [@R32]). Here, we have carefully taken into account all of these factors to optimize the procedure for the determination of bacterial and archaeal abundances in deep-sea sediments. In addition, we performed qPCR analyses on the same samples where CARD-FISH analyses were conducted, and we found that the two methods provided consistent results.

Meta-analyses on benthic prokaryotic abundances (reported as bacteria) at global scale showed the lack of bathymetric patterns ([@R7], [@R10]). Here, using the most consistent data set available so far (that is, same sampling strategy, same sampling equipment, and same protocols for the analyses; use of multiple independent approaches), we provide evidence of the lack of depth-related patterns for either bacterial and archaeal abundance in all oceanic regions investigated.

Conversely to terrestrial ecosystems, photosynthetic primary production in the open oceans increases from equatorial/tropical toward higher latitudes ([@R37]). Such a gradient, influencing the magnitude of organic carbon export from the surface waters to the deep sea floor through sinking particles, is expected to play an important role in controlling the metabolism and standing stocks of benthic assemblages in the deep sea ([@R1]).

Here, we show that bacterial and archaeal abundances covaried, suggesting that the two prokaryotic domains are partly controlled by the same factors. For instance, the abundances of either bacteria or archaea were significantly related with food availability in the sediment (that is, as biopolymeric C concentrations). Similarly, a positive relationship between trophic conditions and richness of bacterial taxa has been previously reported in surface deep-sea sediments ([@R38]).

Our data provide unprecedented evidence that the abundances of both benthic bacteria and archaea in the deep sea increased from middle to high latitudes. Indeed, the highest abundances of both prokaryotic domains were reported in Arctic sediments, which were characterized by a higher availability of trophic resources. These results hold true either considering only the abundances at equal depths (for example, at 1000- or 2000-m depth) or pooling together all sampling depths (that is, 228 benthic samples).

We also show that the abundances of the two dominant groups of the archaeal domain, MG-I Thaumarchaeota and MG-II Euryarchaeota, increased from middle to high latitudes but to a larger extent for MG-I Thaumarchaeota. An increasing abundance of Thaumarchaeota (previously defined as marine Crenarchaeota Group I) toward high latitudes (from 5°N to 65°N) has been reported in ammonia-rich deep-water masses of the North Atlantic ([@R39]). This could be explained by the fact that higher concentrations of ammonia (that is, higher remineralization activity by heterotrophic components) can sustain higher chemoautotrophic production rates of Thaumarchaeota through ammonia oxidation processes ([@R3], [@R39]).

Here, an increase of the archaeal-to-bacterial abundance ratio with increasing depth in the sediment was observed. This pattern has been described for subsurface sediments ([@R5]), and our results refine these findings also for the top 15 cm of the sediment. The subsurface sediments are poorer than surface sediments in terms of food and energy resources (for example, labile organic compounds, electron acceptors, dissolved substrates, and metabolites) so that the increase of the relative importance of archaea with increasing depth in the sediment could be due to a higher efficiency to grow under these limiting conditions ([@R40]). However, further manipulative and in situ studies are needed to support this hypothesis.

Previous studies, using random forest model applied to a data set compiled from literature, reported that primary productivity predictors (that is, sea surface temperature, irradiance, mixed layer depth, phytoplankton biomass and growth rates, and chlorophyll- and carbon-based primary production) and water depth explained a large fraction of the variance of the distribution of benthic prokaryotic abundance and biomass of the global oceans ([@R7]). These findings provide further support of the role of surface primary production processes and related fluxes of particulate organic carbon to the sea floor in driving the distribution of benthic prokaryotic standing stocks worldwide. The authors also hypothesized that an important portion of benthic prokaryotic standing stocks could come from prokaryotes attached to particles sinking on the ocean floor. However, the supply of prokaryotes adsorbed onto sinking particles to the deep sea (on average, 2.5 to 4.1 × 10^8^ cells m^−2^ day^−1^ at 1000- and 4700-m depth) ([@R41]) is orders of magnitude lower than prokaryotes in situ produced on the ocean floor (0.3 to 1.4 × 10^12^ cells m^−2^ day^−1^; obtained by combining prokaryotic abundance and their turnover rates contextually determined) ([@R11]).

Here, we found that both bacterial and archaeal abundances significantly decreased with increasing bottom water temperature. This applies even when the "warmer" Mediterranean samples were excluded from the analysis.

The regression tree analysis conducted in the present study revealed that different environmental drivers were responsible for the distribution of bacteria and archaea. For instance, in all oceanic regions investigated, bacterial abundances were primarily controlled by food availability, thus suggesting a prevalence of heterotrophic metabolism. Conversely, archaeal abundances were mostly driven by changes in temperature of bottom waters. In particular, the distribution of archaea in the polar region was exclusively dependent on bottom water temperatures, whereas in the other oceanic regions, the quantity and quality of food resources played a more important role. Because archaea are abundant in diverse low-temperature environments throughout the globe ([@R42]), our findings suggest a thermal adaptation of benthic archaea to colder deep-sea ecosystems, possibly due to the specific characteristics of their cell membranes and proteins ([@R42]--[@R44]).

Our findings also revealed that MG-I Thaumarchaeota and MG-II Euryarchaeota displayed a different sensitivity toward changes in the main environmental drivers identified. In particular, MG-I Thaumarchaeota, which represent the dominant component of archaeal assemblages in surface deep-sea sediments, were apparently very sensitive to changes in temperature at all latitudes investigated (see the results of the regression tree analysis). Conversely, the abundance of MG-II Euryarchaeota was dependent on the quantity and quality of organic food resources, supporting the hypothesis of a heterotrophic (or mixotrophic) metabolism in Euryarchaeota ([@R45]). The different sensitivity of these two archaeal groups to the main environmental drivers might favor their coexistence by reducing niche overlap and competition for available resources.

Overall, our results suggest that the archaeal contribution to the total benthic microbial biomass in surface deep-sea sediments worldwide could be far larger than previously hypothesized, especially at high latitudes. Combining worldwide estimates of prokaryotic abundances, obtained by dividing their global biomass previously reported ([@R7]) by C content per cell (10 to 20 fg C per cell) ([@R11], [@R19]), with the average contribution of archaea to total prokaryotes that we found (on average, 20%), we estimated that archaeal abundance on the ocean floor is ca. 0.4 to 0.7 × 10^27^. Such archaeal abundances once projected on the top 15 cm of deep-sea sediments worldwide are equivalent to ca. 5 to 10% of the total abundance of pelagic archaea in the global oceans ([@R21]). Because our findings indicate that \>50% of archaea in the surface sediments are accounted for by MG-I Thaumarchaeota, we suggest that this component can have a crucial role in biomass production and biogeochemical cycles of benthic deep-sea ecosystems at a global scale.

Global changes are predicted to have stronger effects at the high latitudes, particularly in the Northern Hemisphere ([@R46]), with expected increase of temperature and decrease of salinity due to freshening caused by ice melting. The response of the different deep-sea microbial components to altered thermohaline and trophic conditions due to global change or climate-driven episodic events has been, so far, largely unknown ([@R47], [@R48]). However, the results reported in this study suggest that changes in temperature and trophic characteristics could significantly influence the abundance and structure of benthic prokaryotic assemblages and provide evidence of a potentially major impact on archaea and prokaryotic assemblages at high latitudes.

The findings presented here contribute to our understanding of the functioning of deep-sea ecosystems and of the expected changes in the structure of prokaryotic assemblages in response to changes in environmental variables. These results will contribute to better forecast the potential consequences of climate changes on benthic processes and biogeochemical cycles in the largest ecosystem on Earth.

MATERIALS AND METHODS
=====================

Study areas
-----------

The investigated regions display important differences in terms of thermohaline characteristics. The wide variability of temperature and salinity values in the northeast Atlantic Ocean are due to differences in the thermohaline conditions of water masses at different depths. In particular, at latitudes comprising 53°N to 56°N (that is, including area 2 investigated), these water masses include the following: (i) the Antarctic Bottom Waters (at a depth \>3000 m), (ii) the Northeast Atlantic Deep Waters (at depths from 2500 to 3000), (iii) the Labrador Sea Waters (from 1500- to 2000-m depth), (iv) Subarctic Intermediate Waters (from 800- to 1000-m depth, (v) the Mediterranean Waters (from 700- to 800-m depth), and (vi) the Eastern North Atlantic Waters (in the upper 700 m). The water masses in the northeast Atlantic Ocean at latitudes comprising 38°N to 46°N (that is, including area 3 investigated) include the following: (i) the Lower Deep Waters (mainly composed of Antarctic Bottom Waters), at depths \>4000 m (that is, across the abyssal plains); (ii) the North Atlantic Deep Waters (from 4000- and 2200-m depth); (iii) the Labrador Sea Waters, circulating regionally toward the southwest between 2200- and 1500-m depth; (iv) the Mediterranean Outflow Waters (from 1500- to 600-m depth), flowing along the Iberian margin to the Bay of Biscay; and (v) the North Atlantic Central Waters, in the top 600-m depth. The peculiar thermohaline characteristics of the Mediterranean Sea (high temperature and high salinity, when compared to the Atlantic waters) are due to the local climate, which, in this semi-enclosed basin, determines a deficit of the water budget.

The Mediterranean Sea is characterized by three major water layers: (i) the surface waters flowing eastward and northward and (ii) the intermediate and (iii) deep waters flowing westward and filling more than 70% of the whole Mediterranean basin. The thermohaline circulation is driven by seasonal variations of salinity and by changes in the surface water temperature. The Levantine Intermediate Waters flowing from the eastern to the western basin at 300- to 600-m depth can be identified through their high-salinity values. Surface water cooling during winter in the Adriatic region and in the northwest Mediterranean is also responsible for the formation of dense waters, ventilating the deep Mediterranean water masses and leading to the formation of the Eastern Mediterranean Deep Waters and the Western Mediterranean Deep Waters.

Sampling design
---------------

Sediment samples were collected from 58 deep-sea sites in the Arctic Ocean (Hausgarten region, ca.120 km west of Spitsbergen, an island of the Svalbard archipelago in Norway), in two areas of the northeast Atlantic Ocean (offshore of northeast Ireland and west Iberia), and in three areas of the Mediterranean Sea (North Western, Central, and Eastern Mediterranean). The areas investigated included only open-ocean sites and continental-margin systems and excluded specific hot-spot ecosystems (that is, deep-water coral sites, cold seeps, and hydrothermal vents). This allowed comparisons of similar systems covering \>96% of the deep-sea surface. At all of the sampling sites, the sediments were collected using a multiple corer (MaxiCorer; inside diameter, 9.0 cm; depth penetration, \>20 cm). Sediment samples from replicate sediment cores (*n* = 3) were collected from independent multiple-corer deployments at each deep-sea site (see the Supplementary Materials for details).

Environmental and trophic characteristics
-----------------------------------------

Bottom water temperature and salinity were measured by a conductivity-temperature-depth profiler. Chlorophyll a and phaeopigments were extracted from sediment samples using 90% acetone (24 hours in the dark, at 4°C) and then analyzed fluorometrically ([@R49]). After centrifugation (800*g*), the supernatant was used to determine the functional chlorophyll a and thereafter acidified with 0.1 N HCl to estimate the amount of phaeopigments ([@R49]). Total phytopigments were defined as the sum of chlorophyll a and phaeopigments, and their concentrations were reported as μg g^−1^. The concentrations of proteins, carbohydrates, and lipids in the sediment were determined spectrophotometrically and expressed as bovine serum albumin, glucose, and tripalmitine equivalents, respectively ([@R49]). Biopolymeric C concentrations in the sediments were obtained by the sum of the carbohydrate, protein, and lipid concentrations converted into carbon equivalents (using the conversion factors of 0.40, 0.49, and 0.75 mg C mg^−1^, respectively) ([@R26]).

Organic C fluxes that reached the sea floor through particle sinking were estimated on the basis of the net photosynthetic primary production extracted from the ocean productivity database ([www.science.oregonstate.edu/ocean.productivity/index.php](http://www.science.oregonstate.edu/ocean.productivity/index.php)), derived from a C-based productivity model algorithm ([@R50]), and referred to the same sampling periods when the sediments were collected and the water column depth ([@R51]). The following equation was used$$\mathit{J}_{\text{Corg}} = 9 \times ~\text{PP}/\mathit{z} + 0.77 \times ~\text{PP}/\mathit{z}^{0.5}$$where *J*~Corg~ (mg C m^−2^ day^−1^) is the flux of organic C, PP is the net photosynthetic primary production (mg C m^−2^ day^−1^), and *z* is the water depth (m). This model takes into consideration the degradation processes occurring to organic particles during their sinking, thus allowing to estimate the amount of organic material that actually reaches the surface of the deep-sea floor.

Prokaryotic abundance
---------------------

Prokaryotic abundance was determined after cell detachment from the sediment using pyrophosphate (final concentration, 5 mM) and ultrasound treatment (three times, 1 min each) ([@R11]). The samples were then diluted with sterile and 0.2-μm prefiltered formaldehyde solution (final concentration, 2%); following filtering onto 0.2-μm pore size filters, the samples were stained using SYBR Green I. The filters were analyzed by epifluorescence microscopy (×1000 magnification). For each slide, at least 10 fields were observed, and a total of at least 400 cells were counted. Prokaryotic abundances were normalized to sediment dry weight after desiccation (60°C, 24 hours).

Quantification of bacteria, archaea, MG-I Thaumarchaeota, and MG-II Euryarchaeota
---------------------------------------------------------------------------------

The analysis of the prokaryotic assemblage structure (bacteria versus archaea and MG-I Thaumarchaeota and MG-II Euryarchaeota) was performed by CARD-FISH ([@R32], [@R52]), following the procedure optimized for deep-sea sediments ([@R22]). Briefly, sediment samples were centrifuged (16,000*g* for 5 min), washed with phosphate-buffered saline (PBS), then centrifuged (16,000*g* for 5 min), and resuspended in PBS/96% ethanol. The samples were then treated with ultrasounds (three times, 1 min each), properly diluted, and then filtered onto 0.2-μm polycarbonate membrane filters. The filters were dipped in low--gelling point agarose \[0.1% (w/v) in Milli-Q water\], dried on a glass petri dish at 37°C, and dehydrated in 95% ethanol. Cell wall permeabilization was optimized by incubation at 37°C with lysozyme for bacteria or proteinase K for archaea. After Milli-Q washing and incubation in 10 mM HCl (room temperature, 20 min), the filters were washed again with Milli-Q water, dehydrated in 95% ethanol, dried, and hybridized with oligonucleotide horseradish peroxidase--labeled probes targeting bacteria, archaea, MG-I Thaumarchaeota, and MG-II Euryarchaeota (table S2). Such probes were selected for consistency with previous studies investigating archaeal and bacterial dynamics in deep-sea sediments conducted worldwide ([@R23], [@R53]). Hybridization (35°C for bacteria and 46°C for archaea) was performed for 2 hours. Then, the filters were transferred into preheated washing buffer, placed in PBS buffer (pH 7.6, 0.05% Triton X-100), and incubated at room temperature for 15 min. After removal of the buffer, the samples were incubated for 30 min in the dark at 37°C for Cy3-tyramide signal amplification. Filters were then observed under epifluorescence microscopy. All analyses were performed in triplicate. The data were normalized to sediment dry weight after desiccation (60°C, 24 hours).

Comparative analyses on the same sediment samples were based on qPCR, using the TaqMan technology, targeting 16*S* ribosomal RNA (rRNA) genes of bacteria and archaea. To remove potential biases due to the presence of extracellular DNA, sediment samples were pretreated with a chemical-physical procedure before the extraction of DNA by in situ cell lysis procedure ([@R49], [@R54]). The DNA was then extracted and purified by using the UltraClean Soil DNA Isolation Kit according to the manufacturer's instructions. The quantification of archaeal and bacterial 16*S* rRNA genes was performed using primers and probes selectively targeting archaea (forward primer, 5′-GYGCASCAGKCGMGAAW-3′; reverse primer, 5′-GGACTACVSGGGTATCTAAT-3′; probe, 5′-TGYCAGCCGCCGCGGTAAHACCVGC-3′) ([@R55]) or bacteria (forward primer, 5′-TCCTACGGGAGGCAGCAGT-3′; reverse primer, 5′-GGACTACCAGGGTATCTAATCCTGTT-3′; probe, 5′-CGTATTACCGCGGCTGCTGGCAC-3′) ([@R56]). These primers and probes were selected for consistency with previous studies investigating archaeal and bacterial dynamics in deep-sea sediments conducted worldwide ([@R23], [@R57]). Hydrolysis probes for qPCR TaqMan assay contained a fluorescent reporter dye (6-FAM) in 5′, and a Black Hole Quencher 1 (BHQ-1) in the 3′ position. The amplification reactions were performed in a final volume of 15 μl in film-sealed optical 96-well qPCR plates. Each reaction contained the iQ Supermix (Bio-Rad), 0.8/0.2 μM (for archaeal) or 0.1/0.1 μM (for bacterial) primers/probes, respectively, and 1 μl of template DNA. According to the standard MIQE (Minimum Information for Publication of Quantitative Real-Time PCR Experiments) guidelines for best practice in qPCR analyses ([@R58]), calibration curves were included in all reactions, with a five-log~10~ linear dynamic range, from 2.5 × 10^−1^ to 2.5 × 10^−5^ pg of template 16*S* rDNA from *Escherichia coli* (for bacteria) or *Methanocaldococcus jannaschii* (for archaea). The limit of detection of the assay was ca. 25 and 30 16*S* rRNA gene copies per reaction, for bacteria and archaea, respectively. To test for possible inhibition of qPCR, reactions were run in triplicate, using undiluted aliquots of DNA obtained from the different sediment samples, in addition to running all sample extracts in serial 10-fold dilutions. The log-linear relationship between quantification cycle (Cq) and the dilution factor was obtained in all of the samples by using the 10-fold dilution, allowing us to exclude possible bias due to qPCR inhibition ([@R59], [@R60]). The optimal concentration of primers and probes and the thermal cycles were set following temperature and primer/probe concentration gradient tests. The adopted thermal cycling conditions were as follows: 3 min at 95°C, followed by 40 cycles for 15 s at 95°C, 1 min at 60°C for bacteria; 3 min at 95°C, followed by 40 cycles for 15 s at 95°C, 5 min at 57°C for archaea. The presence of a single PCR product of the expected length size was checked using 1% agarose gel electrophoresis. The iQ5 Optical System 2.1 Software was used to calculate Cq, efficiency (*E*), and *R*^2^ values for each reaction. Results from qPCR runs were used in this study if *E* \> 98% and \< 102%, and *R*^2^ \> 0.99 (even more stringent than MIQE guidelines); samples from the same incubation experiment were always analyzed within the same qPCR run, thus ensuring technical consistency. All samples, standards, and negative controls were analyzed in triplicate qPCR reactions. Any run for which negative controls were positive was excluded and conducted again. The number of copies of 16*S* rRNA genes was calculated on the basis of the template length in base pairs (bp) and an average weight of 650 daltons bp^−1^.

Statistical analyses
--------------------

To test for differences in the investigated microbial variables among oceanic regions and sampling areas, ANOVA \[using permutational multivariate analysis of variance (PERMANOVA)\] was carried out. Before analysis, the homogeneity of variance was checked using the Cochran test on appropriately transformed data, whenever necessary. For those data sets for which the transformation did not allow to obtain homogeneous variances, a more conservative level of significance was considered. When significant differences were encountered, a post hoc comparison test (at α = 0.05) was also carried out. To identify factors influencing the abundances of bacteria, archaea, MG-I Thaumarchaeota, and MG-II Euryarchaeota, regression tree analyses were carried out ([@R61]). In particular, temperature, salinity, and quantity and quality of organic matter were used as predictor variables. Conditional inference procedures were applied at recursive binary portioning to solve two problems of exhaustive search procedures: overfitting and selection bias toward covariates with many possible splits ([@R62]). The conditional inference trees were constructed with c~quad~-type test statistics and α = 0.05 with Bonferroni correction. Regression tree analysis was performed using "party" package version 1.0-25 in free statistical environment R (R version 3.2.2) ([@R63]).
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table S1. Details of the station locations, temperature, and salinity of bottom waters, total phytopigment (CPE) and biopolymeric C (BPC) concentrations, and protein-to-carbohydrate ratio (PRT/CHO) in surface sediments (0 to 1 cm), net photosynthetic primary production (NPP), and organic C fluxes (OC fluxes).

table S2. Output of the in silico analysis dealing with the coverage of probes targeting 16*S* rRNA used in the present study.

table S3. Statistical analysis testing for differences in the distribution of the different microbial components.

fig. S1. Depth-related patterns of total prokaryotic abundances (obtained using SYBR Green I) in the top 1 cm of sediments collected in the different oceanic regions.

fig. S2. Comparison of the abundances of bacteria and archaea obtained by CARD-FISH, with the number of 16*S* rDNA copies of bacteria and archaea obtained in surface sediments of different oceanic regions.

fig. S3. Output of the regression tree analysis carried out to identify environmental factors explaining the distribution of MG-I Thaumarchaeota in the top 1 cm of sediments collected in the different oceanic regions.

fig. S4. Output of the regression tree analysis carried out to identify environmental factors explaining the distribution of MG-II Euryarchaeota in the top 1 cm of sediments collected in the different oceanic regions.
